Abstract-We theoretically investigate bimodal photonic crystal fibers (PCFs) for the development of interferometric gas sensors (with one mode acting as the reference arm and another as the sensing arm), working either in the intensity measurement mode or in the spectral regime. For each operation mode we define a merit function that characterizes the sensitivity of the fiber taking into account both the interferometric and the evanescent-field nature of these sensing devices. The evaluation of the above merit functions, which involve the calculation of the propagation constant, the group index, and the field profile of the first two guided modes, allows us to identify highly sensitive microstructured fibers for each sensing mode. In this paper, we propose a single birefringent PCF design that exhibits in both regimes extreme sensitivity in a certain wavelength operation range that can be shifted by changing the air-filling fraction.
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I. INTRODUCTION

P
HOTONIC CRYSTAL FIBERS (PCFs), also known as microstructured fibers, are characterized by the nearly periodic transverse distribution of air holes that run along the entire length of the fiber, which provides their unique guiding properties [1] . The microstructured cladding also permits an intimate interaction between the guided light that partially extends into the holes and a fluid diffused inside them, opening up new possibilities for evanescent field sensing [2] . The control of the geometrical parameters of these microstructured fibers permits a tailoring of their modal properties and, thus, designing in a flexible manner PCFs for sensor devices [3] .
In the last years, intense work has been carried out in the development of PCF-based evanescent-wave sensors that characterize the gas or liquid located in the holey region through the transmission spectrum of the device, which is directly related to the spectral absorbance of the chemical species existing in the sample [4] , [5] . Different designs have been proposed to enhance the sensitivity of these sensing devices by magnifying the overlap between the light and the fluid at issue [6] - [8] .
The use of PCFs is also well known for the implementation of fiber-based interferometers. On one hand, to achieve the bimodal working operation regime, single-mode PCFs are combined with other fiber-based components as long-period fiber gratings [9] or solid taper waists [10] , [11] . The above configurations have already been applied for gas and chemical sensing. On the other hand, it is possible to design fiber-based interferometers with bimodal PCFs, as well. They exhibit diverse geometries, highly birefringent patterns to maintain the polarization properties of the guided modes [12] , [13] or regular short-length PCFs together with fusion splices [14] . The last designs have been successfully used for strain sensing. In this paper we examine bimodal PCFs for interferometric gas sensing. The first-order or fundamental mode, which is strongly confined in the solid core of the fiber, behaves as the reference arm of the interferometer and the second-order mode, which partially spreads over the holey region, plays the role of the sensing arm.
The above fiber-based interferometers commonly operate with two detection approaches: the "intensity measurement mode," where the output intensity is detected as a function of the parameter to be determined [11] , [12] , and a potentially more robust one, the "spectral mode," where the frequency minima of the output intensity are correlated with the magnitude under study [10] , [14] . It is convenient that these bimodal devices operate with the same design in a broad wavelength range in order to increase their sensing possibilities. In this respect, PCFs are excellent candidates since they can exhibit an extremely wide spectral range for bimodal operation [15] . In the design process of our bimodal PCFs, we consider both operation modes. Accordingly, we define for each one a merit function that characterizes the sensitivity of the procedure taking into account both the interferometric and the evanescent-field nature of these sensing devices. We focus our attention on the design of birefringent PCFs with a broadband bimodal operation regime and an extremely high sensitivity to small variations of the refractive index of the sample to be measured.
II. MATHEMATICAL FORMULATION: DEFINITION OF MERIT FUNCTIONS
As is well known, the interference pattern of a Mach-Zehnder interferometer is regulated by the phase shift between the light traveling along its two arms, which in the case of a bimodal PCF corresponds to , where stands for 1530-437X/$26.00 © 2010 IEEE the propagation constant of the fundamental and second-order guided mode, respectively, and is the fiber length. From the beginning it is important to point out that the interference pattern is affected by any change of the refractive index of the sample, , diffused in the holes of the fiber because the evanescent field overlapping within the holey region is different for each guided mode (see Fig. 1 ).
First, we consider the intensity sensing approach. It is based on the detection of the output intensity, , at a fixed wavelength, , as a function of . is the visibility of the interference pattern. In mathematical terms, the variation of with is given by (1) where depends on through . As it is recognized in [16] , the first derivative of with respect to , can be computed through the closed expression , where the prime indicates differentiation with respect to and represents the expectation value of the operator for the pair of dual fields of the th mode. is the differential operator of the 2-D wave equation for the transverse components of the magnetic field, , and denotes the dual field of . The integral formulation of the above expectation value is given by (2) At this point we realize that it is convenient to define the merit function of this operation mode as (3) being the effective index of the corresponding mode. Using the above expressions for the derivatives, the sensitivity function can be evaluated as (4) where the vector nature of the electromagnetic propagation is still preserved. In order to gain some physical insight in the above merit function, as a first approach, we disregard the vector terms of for reducing the mathematical complexity in (4). So, within a first-order approximation, we consider , and accordingly , being the fraction of total power inside the holes (region ) for the th guided mode. By using the relative sensitivity coefficient outlined by Hoo et al. [4] , , the merit function becomes
As a matter of fact, the output intensity can be affected by several unwanted factors (source intensity fluctuations, device aging, etc.), resulting in a gradual loss of accuracy. A more robust alternative is the spectral sensing approach. Now we assume polychromatic light and focus our attention on the case of destructive interference. The th minimum of the spectral content of , say , is determined by the expression (6) where is an integer. We define the new merit function as . If we perform the total derivative with respect to in (6), we obtain (7) and operating (8) where the overdot indicates differentiation with respect to . As in the intensity operation mode, the latter sensitivity function can be also rewritten in terms of expectation values as (9) Again in the framework of a first-order approximation, (9) can be written as (10) where stands for the group index of the corresponding guided mode.
Note that each operation mode is characterized by a different dimensionless sensitivity function. However, in both cases the factor appears, and consequently must be maximized. This fact entails the enhancement of the evanescent field inside the air holes for the second-order mode and the corresponding minimization for the fundamental one. It is also very important to recognize that the function involves the factor . Therefore, the sensitivity of the spectral approach is higher and higher as the group birefringence between the two considered modes is lower and lower.
III. DESIGN PROCEDURE
In this section we apply the mathematical formulation previously developed to design a highly sensitive bimodal PCF for interferometric gas sensing. Although several PCF geometries can achieve high values for the proposed merit functions, in this paper we are interested in the identification of at least one structure that shows high sensitivity for the intensity measurement mode and the spectral regime, simultaneously.
Bearing in mind the interferometric nature of the device, it is suitable to select a birefringent geometry for the fiber. This choice breaks down the near degeneration of the guided modes and consequently assures the absence of intermodal beating. In this way, selecting the proper illumination strategy, it is feasible to make interfere only two nondegenerated modes with the same linear polarization state, one from the fundamental doublet and another from the four modes that constitute the second-order multiplet. We propose the structure shown in Fig. 1 , where the birefringence is introduced by means of two smaller holes in the first ring. This selection permits us to obtain a broader bimodal wavelength range. For the rest of this section we have fixed the relation between the diameter of the smaller holes, , the pitch, , and the diameter for the rest of holes, , as . In a first-order approximation, both merit functions, defined by (5) and (10), require the evaluation of the effective index and the transverse field profile for the first two guided modes to compute , as well as the calculation of the group birefringence for the spectral operation mode. To do so, we use the 2-D iterative Fourier modal method described in [17] and assume as a good approximation for the standard value of the refractive index of most gases. Taking into account the scale invariance satisfied by the two dimensionless merit functions due to the scaling properties of the Maxwell equations, our design parameters are, in fact, the relative hole diameter, , which is directly related with the air-filling fraction, and the normalized wavelength, . In relation to the intensity measurement procedure, in Fig. 2 we represent as a function of for several values of . Each curve ranges over the wavelength interval in which the PCF is bimodal. As was expected, the sensitivity of the fiber increases with the design parameter . According to Fig. 2 , once is fixed by the laser source, we must choose the values of and in order to reach both the bimodal region and a high sensitive fiber geometry. For example, if m, we select m and m , which corresponds to the point in Fig. 2 . In fact, it is precisely this fiber which is represented in Fig. 1 and the current design involves a value of of around 27%. Fig. 3 . The same as in Fig. 2 , but for the merit function M .
Next, we evaluate the merit function for the spectral sensing approach. As before, for the birefringent geometry sketched in Fig. 1 we vary the design parameters and within the bimodal range. In this way, in Fig. 3 we represent as a function of for the same discrete values of the parameter as in Fig. 2 .
In this approach, we recognize that has a divergence at a certain normalized wavelength, , due to the cancellation of the term . For this particular spectral point, the intermodal group birefringence is zero and the interference term is minimum simultaneously. Therefore this is a highly sensitive point, where any change in the refractive index of the sample will produce a great variation in the intensity minimum. Up to now we have developed a first-order theory for the evaluation of the function . It is important to point out that if we consider a second-order perturbation theory for the mathematical formulation of , the divergence will become into a high but finite value, which will be located at the same wavelength. So, if we are working near this critical point we approximate, similarly to [18] (11) in order to obtain a finite value for the sensitivity, where should be taken as the device's nominal wavelength discrimination. As an example, if we consider the geometric parameters m and m, which correspond to , the normalized divergence wavelength has been found in . If we consider in the previous approach a typical nominal wavelength resolution of nm, as in [19] , the merit function reaches the value in the critical point, which corresponds to a theoretical resolution in the refractive index of the sample of RIU. Of course, in this evaluation we have not considered the thermooptic effect in silica. We could also evaluate an effective wavelength resolution from the theoretical spectral interferogram calculated for a concrete length of the device. As an example, for the above case and considering a fiber length cm, we have estimated nm as the tenth of the fringe width defined as the spectral separation between the two minima located in the vicinity of the critical point. This wavelength resolution would provide a value of in the critical point and, correspondingly, a more realistic value of RIU. Similar calculations could be done for the rest of curves in Fig. 3 with a different value. If we compare Figs. 2 and 3 , we note that the region where the values of the sensitivity function are greater in each plot is shifted. In this way, next we consider in the spectral regime a similar example as the one previously presented for the intensity measurement mode, i.e., the intensity minimum for m and . For this particular case, the normalized divergence wavelength turns out , which is in agreement with Fig. 3 , and in the framework of a first-order perturbation theory, the fiber parameters are now m and m. Further studies concerning confinement losses should be carried out in order to appropriately characterize the potentiality of the current fiber for gas sensing purposes. However, as a first approach, the estimated confinement of the guided modes would suggest a reasonable behavior of the system if a short length is considered, which is highly recommended for gas diffusion inside the holes of the fiber. It is apparent that the problem of gas infiltration in the microholes is out of the scope of this paper. Other technological questions should be also considered in the design of the entire sensing device, such as splice losses between the PCF sensor and other input/output fibers, which could be significantly reduced by using the microhole collapse property [20] or other appropriate techniques.
IV. CONCLUSION
In this paper, we have theoretically considered the implementation of interferometric gas sensors based on bimodal PCFs. We have presented some merit functions that characterize the sensitivity of the fiber for two common operation manners, the intensity and the spectral measurement regimes. These functions take into consideration both the interferometric and the evanescent-field nature of these sensing devices and should be maximized to enhance the sensitivity of the method. Their evaluation just implies the calculation of the propagation constant, the group index, and the field profile of the guided modes. We have also proposed the design of a birefringent PCF with two smaller inner holes in the first ring to accomplish the above goals. This geometry results on the increase of the bimodal spectral range of the fiber, that is, its spectral working regime. For the suggested design, the above two merit functions have been analyzed for different air-filling fractions. They certainly exhibit extremely high values, so that the previous PCF could be regarded as a good candidate for the development of gas sensing devices.
